histories shape the species tree rather than the opposite. We propose a new, plastic framework for 21 modeling the joint evolution of gene and species lineages relaxing the hierarchy between the species 22 tree and gene trees. We implement this framework in two mathematical models called the gene-based 23 diversification models (GBD): 1) GBD-forward, following all evolving genomes and thus very intensive 24 computationally and 2) GBD-backward, based on coalescent theory and thus more efficient. Each 25 model features four parameters tuning colonization, mutation, gene flow and reproductive isolation. 26 We propose a quick inference method based on the differences between gene trees and use it to eval-27 uate the amount of gene flow in two empirical data-sets. We find that in these data-sets, gene tree 28 distributions are better explained by the best fitting GBD model than by the best fitting MSC model. 29 This work should pave the way for approaches of diversification using the richer signal contained in 30 genomic evolutionary histories rather than in the mere species tree. The most widely used way of representing evolutionary relationships between contemporary species 37 is the so-called species tree, or phylogeny. The high efficiency of statistical methods using sequence 38 data to reconstruct species trees, hence called 'molecular phylogenies', led to precise dating of the 39 nodes of these phylogenies [35, 38, 87]. Notwithstanding the debatable accuracy of these datings, 40 the use of time-calibrated phylogenies, sometimes called 'timetrees ' [34], has progressively overtaken 41 a view where phylogenies merely represent tree-like relationships between species in favor of a view 42 where the timetree is the exact reflection of the diversification process [61, 70, 85]. In this view, the 43 nodes of the phylogeny are consequently seen as punctual speciation events where one daughter 44 species is instantaneously 'born' from a mother species. In this paper, we explore an alternative 45 view of diversification, acknowledging that speciation is a long-term process [17, 43, 72] and not 46 invoking any notion of mother-daughter relationship between species as done in the timetree view. 47 This alternative view is gene-based rather than species-based, comparable with Wu's genic view of 48 speciation [91]. We use here the term 'gene' in the sense of "non-recombining locus", i.e., a region of 49 the genome with a unique evolutionary history. Our view is meant in particular to accommodate the 50 well-recognized existence of gene flow between incipient species, which persists during the speciation 51 process and long after [51]. 52 The timetree view of phylogenies does acknowledge that gene trees are not independent and may 53 disagree with the species tree [48], but current methods jointly inferring gene trees and species tree 54 rely on the following assumptions that we question in the next section: there is a unique species 55 tree, the species tree shapes the gene trees and the species tree is the only factor mediating all 56 dependences between gene trees (they are independent conditional on the species tree).
species living at a given time in the past, such that species S can have several ancestral species at 126 this time. In other words, several species have contributed to the present-day genome of the species 127 
S.

129
Genomic coadaptation under continuous gene flow 130 While some genes (e.g., genes involved in divergent adaptation) are hardly exchanged between 131 populations, other genes (e.g., neutral genes unlinked to genes under divergent selection) can be sub- and have neutral or even beneficial effects [79, 88] . These incompatibilities have been hypothesized 144 to increase at a rate proportional to the square of time [64] . Accordingly, pairs of species will likely 145 exhibit greater genetic incompatibility as a function of time since divergence, i.e. be less permeable 146 to gene flow, as has been observed for Iberian barbels [25] , pea aphids [67] , or salamanders [68] . In 147 other words, gene lineages remaining too long isolated within different species decrease their ability 148 to introgress the genome of the other, a property that we name genomic coadaptation and which is 149 the consequence of spontaneous mutation.
151
The gene-based diversification (GBD) models 152 We propose here a new plastic framework, derived from the genomic view of diversification de-153 scribed above, that acknowledges the importance of gene flow and relaxes the hierarchy between the 154 species tree and gene trees. We built two models, one in forward time that follows the standard view 155 of the main biological processes responsible for diversification under gene flow, and one in backward 156 time, less computationally intensive, with matching backward parameters (figure 2). These models
The GBD-forward model 163 The GBD-forward model describes the joint action of four processes affecting the diversification of 164 genomes (see figure 2): colonization, mutation, drift and introgression. 165 We consider a stochastically varying number of populations, all populated with individual genomes. 166 We neglect extinctions and focus on colonization events, at which one population seeds a daughter 167 population founded by one or several of its individuals. Genes independently accumulate mutations 168 with time, under the infinite-allele model assumption. Mutations can be fixed or lost due to selection 169 and genetic drift, that we summarize here under the term drift. homologous genes and assume that introgression is governed by the numbers of co-adapted alleles 173 in the receiver and donor populations. Right after colonization, all the genes of the daughter and 174 mother populations carry the same alleles and so are co-adapted. Now an allele having arisen at 175 time t by mutation on some gene is co-adapted only with the alleles carried by its genome at time t.
176
This assumption underlies the well-known model of BDM incompatibilities described previously. Each 177 time a mutation occurs the number of co-adapted genes among populations will decrease, reducing 178 in turn the possibility of genetic exchange between populations. 179 Two populations that are completely differentiated, in the sense that all pairs of non-homologous 180 alleles sampled from each of them are not co-adapted, can no longer exchange genes and can thus 181 be seen as different species. Because populations are constantly differentiating from each other, we 182 name populations in the prospective point of view (GBD-forward) what will become species only from 183 a retrospective point of view (GBD-backward). 184 Demographic events are assumed to be much faster than other processes. In the time scale con-185 sidered here, (1) the fixation of alleles within populations is instantaneous so that all genomes in a 186 population are identical (we thus do not model the co-existence of several different homologous alle- 187 les within a population) and (2) a colonization event can be seen as the instantaneous replication of 188 one population into two, actually because of (1), of one genome into two. At t = 0, we consider a single monomorphic population, summarized into a single genome har-192 boring n genes. During the diversification process, the genome of this population (n genes) will be 193 replicated, mutations will be differentially fixed in each population, and the genomes of these popula-194 tions can be replicated again. We follow the lineages of these n genes in forward time, assuming a 195 time-discrete Markov chain associated to the time-continuous chain with the following rates. 
201
• Colonization (rate β). At any time t, each population can be replicated at rate β into a new 202 population which will evolve independently in the future. The newborn population is assumed to 203 carry the same genome as carried by the mother population.
204
• Genetic drift (rate γ). Each population undergoes Moran-type births and deaths at rate γ. In 205 this work, we assume γ to be much larger than all other parameters, so that each population is 206 actually monomorphic at all times.
207
• Introgression (rate δ). At any time t, each gene lineage at locus L on genome G can be repli-208 cated and introgress genome G at rate δ(n − 1), proportional to the number of non-homologous 209 loci in genome G . If accepted by the target genome G , the replicated lineage replaces its ho-210 mologous gene lineage (at locus L in G ). The introgression is accepted with a probability equal 211 to the fraction of the n − 1 non-homologous genes on G carrying an allele co-adapted with the 212 allele carried by L.
213
Diversification occurs until a number K of different populations is reached and the whole process is 214 stopped when the K populations are genetically isolated, that is, when no pair of alleles carried by 215 different genomes is co-adapted (i.e., when all probabilities of introgression are equal to 0).
216
This framework can be made more complex by letting the parameters depend on time, on the 217 gene, or on any prescribed category of genes.
219
The GBD-backward model
220
The GBD-backward model is not the exact backward picture of the GBD-forward model but relies 221 on the same idea that genomes in different populations tend to diverge with time until they cannot 222 exchange alleles. The consequence of this fact is that genes sampled in the same genome today will 223 tend to be found in the same population in the past more often than by chance. We model this phe- Note that after coalescence of two homologous lineages, the resulting lineage is now ancestral to 241 at least two genomes and thus co-adapted with all gene lineages ancestral to these genomes. As 
245
Equivalently to the drift process in forward time, we will assume that the coalescences are fast, so 246 that in backward time homologous attraction events are immediately followed by coalescence of the 247 two gene lineages. At t = 0, n homologous genes are sampled in each of N distinct species. Retrospectively, the 251 genomes of these N species (harbouring each n genes) will merge progressively in one genome 252 of n genes at some time t in the past. Homologous genes, one by one, will merge (homologous 253 attraction and coalescence). Merged genes will then attract all the genes of their original genomes 254 (non-homologous attraction), until the coalescence of all homologous genes. We follow the lineages 255 of these n genes in backward time, assuming a time-discrete Markov chain associated to the time-256 continuous chain with the following rates.
257
• Non-homologous attraction (rate a). At any time t in the past, as a backward picture of by G that are ancestral to G 0 are said co-adapted with L. Then L is accepted in S with a 263 probability proportional to the fraction of the n−1 non-homologous loci of G that are co-adapted 264 with it. The parameter a corresponds to the mutation parameter α of the GBD-forward model. lineage, a given fraction of the lineages of a genome can simultaneously move to an otherwise 279 empty species. We will not consider this possibility in the present work. 280 We define the number of ancestral species of a given genome at time t, as the number of species at 281 time t containing gene lineages ancestral to this genome. We considered a time unit to be equal to 282 the time elapsed between two events that we assumed to be constant for the sake of simplicity. In this 283 manuscript we wish to explore the impact of gene flow rather than ILS to explain gene tree conflicts, 284 and thus consider a large c value (coalescence rate) so that coalescence events are instantaneous, 285 which is consistent with the large γ value of the forward model. Therefore, only the parameters a, b, 
MATERIAL AND METHODS
301
Inference method for the GBD-models 302 When considering several sampled genomes all containing n genes, a set of n gene trees is 
320
To compare trees that did not evolve on the same time scale, BHV distances were computed on 321 re-scaled trees. For each set of gene trees issued from a single simulation or data-set, we rescaled 322 all the trees so that the median of the most recent node depth is 1.
323
To find the best set of parameters ( homologous genes. We performed 15 replicates. 335 We next optimized the GBD-backward model for N = 6 and n = 10 by varying two parameters, process to model speciation events, and 80 million generations with sampling every 5000 generations. 405 To set the calibration time of the root we assumed that 1 time unit corresponded to 10 ky; on average 406 the last coalescence event among the 10 GBD-backward trees occurred at t = 700. Accordingly, we 407 used a normal distribution prior for the root heights (mean=7.0 (My); stdev=1.0). The second data-set comprised 7 nuclear markers for 6 finch species (Geospiza conirostris, We optimized the MSC model for N = 6 species by varying two parameters, the speciation rate 441 λ and the extinction rate µ, and fixing the coalescence rate to 1. Birth-death trees of 6 tips (function 442 'sim.bdtree', package 'geiger' in R) were simulated in a grid of (λ, µ = mλ) with λ ∈ [0.02, 0.34], every 443 0.02, and m ∈ [0.1, 0.65], every 0.05. Because we simulated small trees (6 tips), the degree of variation 444 between trees simulated with the same parameters was high. Therefore for each value of (λ, µ) we 445 randomly selected 15 species trees for which the crown age did not differ by more than 2.5% from the 446 expected crown age. Next, we simulated 10 gene genealogies for each species tree (coalescence 447 rate fixed to 1).
448
If the diversification rate (speciation rate minus extinction rate) is low, all the homologous genes 449 will coalesce before the next node in the species tree, so that all the gene trees will have the same 450 topology. On the contrary, if the diversification rate is too fast, some homologous genes will not have 451 time to coalesce before the next node of the species tree, resulting in incongruent gene trees due to 452 the randomness of coalescences (ILS). are instantaneous). Since increasing n has no effect on BHV distances (see results and figure 6), we 458 simulated genomes with n = 10 genes. The number of time units t was set to 5, 000, which guaran-459 tees the coalescence of all homologous genes. We performed 15 replicates under each parameter 460 combination in a grid of ( 
RESULTS
467
Inference method accuracy 468 Using simulated data-sets, we showed that our inference method was able to give reliable es- With N = 1 sampled genome containing n genes, we let A(t) = (A 1 (t) , . . . , A n (t)) denote the 498 sorting of genes into ancestral species t units of time before the present. More precisely, A k (t) 499 denotes the number of ancestral species containing k gene lineages, so that n = n k=1 kA k (t) and 500 S(t) = n k=1 A k (t) is the total number of species at t ancestral to the sampled genome. For each ε ∈ 501 (0, 1], we will also be interested in the number S ε (t) = n k=[εn] A k (t) of ancestral species containing 502 at least a fraction ε of the genome (with [x] denoting the smallest integer larger than x). All stationary 503 quantities will be denoted by the same symbols, replacing t with ∞.
504
We will call a block at (backward) time t a (maximal) set of gene lineages that lie in the same 505 species at time t. The transition rates can be specified as follows in terms of the configuration of • the total population size is n;
516
• at rate a for each oriented pair of individuals independently, the first individual of the pair gives 517 birth to a copy of herself and the second individual of the pair is simultaneously killed;
518
• mutation occurs at rate d independently in each individual lineage.
519
As a consequence, A(t) has the same distribution as the allele frequency spectrum in the Moran model with total population size n, resampling rate a and mutation rate d, starting at time t = 0 from a population of clonal individuals (one single block). In particular, the distribution of A(∞) is the stationary distribution of the allele frequency spectrum, which is known to be given by Ewens' sampling formula with scaled mutation rate d/a [15, 18, 19] . Expectations of this distribution are:
and 521
In particular, as n → ∞, Conversely our results showed that the number of genes n had no effect on distances (figure 6A).
539
This last result, the lack of influence of n on gene tree diversity, is of particular interest, because one 540 usually has only access to a fraction of a genome. It shows that regardless of the number of genes 541 sampled, the resulting gene tree diversity will remain the same as long as gene trees have been 542 shaped by processes with similar parameter values.
543
Our results also showed that as the homologous attraction rate b decreases, and for the same E and species C and D, and only 3 the direct relationship between species E and F. On the con-555 trary, the Bayesian tree strongly supports the clade (E,F) with a posterior probability equal to 1, and 556 considers all the connections between E and (C,D) to be due to ancestral polymorphism (i.e., ILS). Gene flow among bears and among finches 644 Our results showed support for the hypothesis that gene flow has shaped the gene trees of bears 645 and finches (figure 9). For the bear data-set, we found that each species had on average in the past 646 about 4.8 ancestral species carrying at least 10% of its present genome (equation (2)). This result average number of ancestral species S as follow:
We found on average 5.3 ancestral species for each of the Ursinae bears [41], close to the estimate 656 obtained with the GBD-backward model (4.8).
657
We detected lower gene flow among finches than among bears. Each finch species had on aver- Phylogenetic models and methods inferring macro-evolutionary history, such as speciation and 711 extinction rates, trait evolution or ancestral characters, have become increasingly complex [61, 70, 85] .
712
Yet, the raw material used by these methods is often reduced to the species tree, which can be viewed x
Supplementary figure 1
We tested our inference method, minimization of the difference (KL divergence) between the distributions of BHV distances, on 8 simulated data sets (test data sets) with 15 replicates each. For each optimization analysis, the cell for which we found the best fit between the test trees and simulated trees (smallest KL divergence) is framed. The cross indicates the combination parameters of the test data set. 
